The first evidence that Cu may play an important function during tuberculosis came from transcriptional analysis of M. tuberculosis grown in mice versus in culture. Several genes encoding putative cation transporters, which are integral cytoplasmic membrane proteins, are more highly expressed in bacteria isolated from mice than from broth culture and are found in an in vivo expressed genomic island (9) . One of the genes in this locus was eventually determined to encode a Cu-sensing transcription factor known as CsoR for copper-sensitive operon repressor (8) . CsoR is the founding member of a family of Cu-sensing transcriptional repressors in numerous Grampositive and acid-fast bacterial species, and has a novel distinctive helical structure. In M. tuberculosis, CsoR binds to operator sequences as a dimer, with each monomer coordinating a ϩ1 Cu ion (Cu ϩ ). Later studies determined that CsoR regulates a single promoter, csoRp, which controls the expression of a four-gene operon. Metallation of CsoR leads to a derepression of this operon, resulting in its expression in the presence of Cu. Included in this operon is ctpV (cation transport protein V), one of the cation transporter genes identified in the in vivo expressed genomic island ( Fig. 1 , dark green pathway) (6, 8) . Several years earlier, ctpV was identified as a gene that is upregulated in cultured human macrophages, further suggesting that it may be important during infection (10) . Ultimately, ctpV was deleted and disrupted from M. tuberculosis and shown to have a Cu-sensitive phenotype in vitro and an attenuated growth phenotype in a guinea pig infection model. Interestingly, a ctpV mutant does not have a phenotype in a mouse model of infection (5) ; however, tuberculosis infections in mice do not always represent all aspects the human disease.
Based on the finding that a Cu-sensing regulator was induced in mice, Talaat and co-workers (11) hypothesized that Cu may induce the expression of other genes important for the pathogenesis of M. tuberculosis. Numerous genes are strongly induced when M. tuberculosis is treated with Cu sulfate, including several transcription factors and many genes of unknown function (11) .
At about the same time Talaat's group (11) concluded that Cu played a role during tuberculosis infections, one of the first bacterial metallothioneins was discovered in M. tuberculosis (12) . Metallothioneins are generally small, cysteine-rich proteins that bind metal ions and protect cells from metal overload. Nathan and colleagues (12) determined that expression of mymT (Mycobacterium metallothionein) in the non-pathogenic saprophyte Mycobacterium smegmatis confers resistance to a compound called ebselen (2-phenyl-1,2-bensioselenazol-3(2H)-one). Because Ebselen was known to interact with metallothioneins (13) , this led to the hypothesis that MymT was a metallothionein. Indeed, the Nathan laboratory determined that MymT binds up to six Cu ϩ ions and protects M. tubercu-losis from Cu toxicity in vitro. Although deletion of mymT results in increased Cu sensitivity in vitro, a mymT mutant is as virulent as wild type M. tuberculosis in mice (12) .
Gatekeepers of Cu Entry
Mycobacteria have an unusual and non-canonical outer membrane referred to as the mycobacterial outer membrane ("MOM"). 2 Although this feature might categorize Mycobacterium as a Gram-negative genus, mycobacteria do not colorize properly using Gram-staining methods and are thus referred to as "acid-fast" organisms. Despite lacking a traditional Gramnegative outer membrane, the Niederweis group (14) determined that some mycobacteria possess outer membrane channel-forming proteins including porins. Among the putative MOM proteins, the Niederweis group (4) identified MctB (mycobacterial copper transport protein B), which is required for Cu resistance (Fig. 1 ). Although it was initially believed to be a MOM protein, a more recent study suggests that it is a cytoplasmic membrane protein (15) . The link between MctB function and Cu resistance was a fortuitous discovery; deletion of mctB in M. smegmatis results in a strong growth defect when the bacteria are inoculated onto a specialized mycobacterial medium called Middlebrook 7H10 ("7H10") agar, but not when they are inoculated onto Luria-Bertani (LB) agar. Niederweis and colleagues (4) ultimately determined that it was the presence of Cu in 7H10 agar that limited the growth of the mctB mutant. A deletion mutation in mctB of M. tuberculosis, a species that does not grow on LB agar, also results in a growth defect on 7H10 agar. More importantly, the mctB mutant is less fit for growth in mice and guinea pigs. Similar to the ctpV data, the attenuated phenotype of the mctB mutant is more dramatic in guinea pigs than in mice. Supplementation of the animals' drinking water with Cu, however, decreases the bacterial bur- Infection of macrophages by M. tuberculosis and other pathogens can lead to the production of IFN␥, which induces expression of Ctr1 and ATP7A on the host side of the interaction. Cu homeostasis on the host side proceeds as follows. Cp is a multicopper oxidase that converts ferrous iron (Fe 2ϩ ) to ferric iron (Fe 3ϩ ) throughout the body, Ctr1 is a high-affinity Cu ϩ transporter that transfers Cu to Atox1, a cytosolic Cu ϩ chaperone (reviewed in Ref. 30) . Cu ϩ can then be transferred to the P-type ATPase ATP7A, which can pump Cu ϩ into the phagosome. ATP7B is another P-type ATPase that is essential for normal mammalian Cu homeostasis but has not yet been implicated in microbial pathogenesis (reviewed in Ref. 31 ). On the pathogen side, M. tuberculosis (light green) has at least three independent Cu-responsive pathways as described in the text. The CsoR regulon gene products are in dark green, RicR regulon gene products are in dark blue, and proteins of unknown regulation are in gray. Cu ions are depicted in light blue. den of the mctB mutant, whereas the parental M. tuberculosis strain is not dramatically affected for growth under these conditions.
Wolschendorf et al. (4) determined that MctB is important for maintaining normal Cu levels in the cytosol of mycobacteria. Interestingly, the authors of this study also determined that M. tuberculosis has about 100 times less Cu in the cytosol than M. smegmatis (4) . It is possible that this reflects proteomic differences between the bacteria; M. smegmatis has a genome that is about twice the size of the M. tuberculosis genome, and may thus encode more Cu-binding proteins or other Cu-chelating molecules.
More recently, the Wolschendorf group (15) determined that porins are important for Cu homeostasis in M. smegmatis. Although porin genes have not yet been identified in M. tuberculosis, there is some evidence to suggest this pathogen uses one or more porins for Cu uptake. Speer et al. (15) showed that incubation of M. tuberculosis with spermine, which can block porin-mediated transport, protects bacteria in media with otherwise toxic Cu levels, suggesting that one or more porins exist in M. tuberculosis that allow Cu into this bacterium.
Cu Regulation, Resistance, and Alien Genes
In yet another independent but coincidental study, my laboratory identified a third Cu homeostasis system called the regulated in copper repressor (RicR) regulon (6) . In a microarray analysis of three M. tuberculosis H37Rv strains defective for proteasomal protein degradation, my colleagues and I identified several genes that are repressed for expression when compared with expression in a wild type strain. Proteasome-dependent protein degradation is essential for the pathogenesis of M. tuberculosis, and it is likely that proteolysis is linked to several pathways responsible for virulence. Ultimately, my colleagues and I determined that several of the genes repressed in proteasome-defective M. tuberculosis are also highly expressed in the presence of Cu (11) . One gene, RicR (Rv0190), is a homologue of M. tuberculosis CsoR. RicR regulates the expression of genes from six different promoters, including its own, distributed throughout the M. tuberculosis genome. Under low Cu conditions, RicR represses the expression of the genes encoding a multicopper oxidase (mmcO), two putative membrane proteins (lpqS and Rv2963), Mycobacterium metallothionein (mymT), and two putative open reading frames called socAB (Fig. 1) . All of these genes include a palindromic sequence near the Ϫ10 region of their promoters that is required for RicR binding and repression in the absence of Cu (6) .
RicR is conserved in many Gram-positive bacterial species and, as mentioned previously, highly similar to CsoR. Interestingly, RicR is more similar to CsoR orthologues in other bacteria than M. tuberculosis CsoR. The crystal structure of the RicR orthologue in Streptomyces lividans (CsoR) revealed a dimer of tetramers configuration (16) . Based on this, my colleagues and I presume that RicR binds to DNA as a dimer of tetramers in M. tuberculosis, with each monomer capable of binding a Cu ϩ ion, leading to their release from DNA.
The RicR regulon genes, with the notable exception of ricR itself, are almost all exclusively found in pathogenic mycobacteria, suggesting that the RicR Cu response is important during infections. Almost nothing is known about lpqS, a putative lipoprotein gene, or Rv2963, a putative permease gene. Genetic disruption of lpqS or Rv2963 alone does not lead to Cu sensitivity, and their roles in pathogenesis are unclear; transposon mutations in either gene result in hypervirulence. However, this phenotype could not be rescued by restoring a wild type copy of the respective genes into the mutants. Thus, it remains to be determined what the functions of these putative membrane proteins are in M. tuberculosis physiology.
In contrast to LpqS and Rv2963, MmcO has high similarity to several well characterized multicopper oxidases (MCO)/ferroxidases in other domains of life (17, 18) . In eukaryotes from yeast to humans, MCOs oxidize Fe 2ϩ to Fe 3ϩ , making it less toxic to cells. MCOs such as Saccharomyces cerevisiae Fet3p facilitate the receptor-mediated transport of Fe into cells (19) . Interestingly, MmcO is lipidated (18) and, like Fet3p in yeast, is membrane-anchored in M. tuberculosis, although most if not all known bacterial MCOs are soluble periplasmic proteins. Fet3p, along with the Fe permease Ftr1p, is involved in Fe transport and also provides Cu resistance in yeast (20) ; therefore, my colleagues and I speculated that MmcO may perform similar functions in M. tuberculosis. It was previously determined that a related periplasmic MCO in the Gram-negative bacterium Pseudomonas aeruginosa was important for Fe acquisition (21) . However, experiments in my laboratory to test this hypothesis have so far proved negative for M. tuberculosis. 3 Furthermore, deletion of mmcO in M. tuberculosis results in a Cu-sensitive phenotype that is observed using an agar plate-based assay, but not a liquid-based assay. This result differs from the more robust Cu-sensitive phenotype observed with a mymT mutant that has phenotypes both in liquid and on solid medium (12, 18, 22) . Like a mymT mutant, an mmcO mutant is not attenuated for virulence in a mouse infection model (22) .
Because mymT and mmcO mutants have Cu-sensitive phenotypes in vitro but no apparent virulence defect in vivo, Shi et al. tested a double mymT mmcO mutant for these phenotypes. Although a double mutant is more sensitive to Cu in vitro than either single mutant, it is still as virulent as wild type M. tuberculosis in mice (22) . Taken together, it appears that the functions of MymT and MmcO are to combat excess extracellular Cu but that they are not critical for virulence in at least one animal infection model.
MymT was not annotated prior to the study by Gold et al. (12) , most likely due to its small size (53 amino acids) and lack of homology to any known protein. Like mymT, socAB was also not annotated in the M. tuberculosis H37Rv genome, and only socB was annotated as an open reading frame in the M. tuberculosis CDC1551 genome (6) . socAB encodes what are predicted to be two highly basic small proteins, each of about 50 -60 residues. Of all of the RicR-regulated genes, socAB are only found in the "tuberculosis complex" of mycobacteria that are generally associated with human and other mammalian infections. A transposon insertion mutation in socA, which is likely to inactivate socB as well, does not affect Cu resistance or virulence of M. tuberculosis H37Rv. Thus, like lpqS and Rv2963, the functions of these genes remain to be determined.
It is noteworthy that the socAB locus is so "alien" that we cannot identify related sequences in any organism or bacteriophage to date. That RicR controls its expression is intriguing. Did the tuberculosis complex acquire socAB to allow it to be a better pathogen in humans and other mammals? Perhaps these genes, as well as others in the RicR regulon, are required during specific phases of infection in higher mammals.
Because inactivation of one or two RicR-regulated genes has no effect on virulence in mice, Shi et al. tested the hypothesis that the entire regulon needs to be inactivated to observe a phenotype. Based on the CsoR structure, Shi et al. could predict which residues in RicR might be important for coordinating Cu; mutagenesis of one or more of these amino acids could render RicR "Cu-blind" (and thus DNA-bound even in the presence of Cu), resulting in the constitutive repression of the entire regulon. Because RicR represses the ricR promoter, Shi et al. made a construct where the RicR-binding site was mutated to allow constitutive expression ("ricRp c "), and where the ricR coding sequence was mutated to prevent Cu binding ("RicR C38A "); thus, RicR C38A would be constitutively expressed to repress the other RicR-regulated promoters. This construct, "ricRp c -ricR C38A "results in M. tuberculosis that is highly sensitive to Cu in vitro and, more importantly, attenuated in mice (22) . Interestingly, a control strain that constitutively expresses wild type ricR ("ricRp c -ricR ϩ ) is more resistant to Cu than wild type M. tuberculosis; this may be due to elevated levels of RicR, which could act as a sink for Cu ϩ .
It is important to consider that not all Cu-regulated genes may be necessary for Cu homeostasis. For example, Cu may act as a signal to indicate that M. tuberculosis has entered an environment that requires the expression of specific genes needed to deal with Cu-independent stresses within a macrophage. Because LpqS, Rv2963, and SocAB do not appear to be required for Cu resistance, perhaps they counteract other yet-to-beidentified antimicrobial factors in the host.
Copper, Copper Everywhere
Where exactly does M. tuberculosis (or any pathogen) encounter Cu? Several studies in the last few years have strongly indicated that microbes sense Cu and other metals during infections. Petris and colleagues (23) showed early on that the eukaryotic Cu transporter ATP7A contributes to restricting bacterial growth in cultured macrophages. The Petris group showed that cultured macrophages in which ATP7A gene expression is silenced do not control the growth of a non-pathogenic Escherichia coli strain as well as control macrophages can. Because M. tuberculosis is mainly found in phagocytic cells, it would not be surprising if ATP7A were important for controlling mycobacterial growth as well, a hypothesis my colleagues and I are currently testing.
Another potential source of Cu is ceruloplasmin (Cp). Cp is a multicopper oxidase that oxidizes Fe 2ϩ to Fe 3ϩ , and is found in blood plasma and thus in most if not all parts of the body (24) . Although the Cu in Cp has not been previously considered as a source of antimicrobial activity, it could nonetheless have the potential to affect infection. For example, phagocytes may take up Cp, after which phagolysosomal proteases could break down Cp and release its Cu. If bacteria happen to be in the same compartment, the released Cu could potentially kill the microbe in parallel to the ATP7A-dependent mechanism proposed by Petris and colleagues (23) . Because microbes typically induce an immune response that leads to the acidification of the phagolysosomal compartment, one could also imagine that the acidic pH would maintain Cu in its most toxic form (Cu ϩ ). Thus, it will be interesting to see if animals that are deficient in Cp are more susceptible to infection by M. tuberculosis or other intracellular pathogens such as Salmonella.
Lots of Remaining Questions
Although much research has revealed that M. tuberculosis uses several independent pathways to deal with Cu toxicity, several key questions remain. For one, mctB is not CsoR-or RicR-regulated and therefore represents a third independent Cu resistance pathway. The mechanism of regulation of mctB is unknown. Furthermore, the mechanism of action of many Curesponsive proteins has yet to be determined. CtpV appears to be required for Cu export, but this has not been shown definitively. All Ctp proteins are P-type ATPases, and there are 11 Ctp proteins in M. tuberculosis; although not all of them are regulated in a Cu-dependent manner, we cannot rule out that one or more of them function in Cu efflux. Interestingly, CtpA and CtpB are predicted to be Cu-binding ATPases, (25, 26) . If they do indeed bind Cu, it is possible these are required for metallating extra-cytoplasmic Cu-binding proteins. Also, it is curious as to why an organism such as M. tuberculosis requires two distinct Cu-responsive regulons, which begs to ask if there is a biphasic, fine-tuned, temporal response to Cu in the host. Additionally, a Cu chaperone, with features of well characterized Cu chaperones (27) , has not been identified in M. tuberculosis. It is possible that there is no protein chaperone, or that there is a non-classical type of chaperone, or that mycobacteria use one or more small molecules such as mycothiol to mobilize Cu. However, this last option seems unlikely as it would not be clear how this could be carefully regulated. Along these lines, although it is generally presumed that most Cu-binding proteins work outside of the cytoplasm, Cu nonetheless enters the bacterial cytoplasm and interacts with proteins such as the transcriptional regulators CsoR and RicR and the metallothionein MymT; how then is the metal displaced from the regulator and disposed of to restore transcriptional repression? It seems unlikely that mycothiol or similar molecules would be sufficient to deal with the necessary rapid changes in Cu-regulated gene expression.
With the advent of improved technologies for quantifying metals in biological systems (28) as well as a growing interest in the role of nutritional immunity in host-pathogen interactions (29) , there is little doubt that the understanding of how microbes and their hosts regulate metal homeostasis will lead to the improved treatment of many devastating diseases.
